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Introduction
Since the beginning of the COVID-19 pandemic tens of millions of
operations have been cancelled1 as a result of excessive postoper-
ative pulmonary complications (51.2 per cent) and mortality rates
(23.8 per cent) in patients with perioperative SARS-CoV-2 infec-
tion2. There is an urgent need to restart surgery safely in order to
minimize the impact of untreated non-communicable disease.
As rates of SARS-CoV-2 infection in elective surgery patients
range from 1–9 per cent3–8, vaccination is expected to take years
to implement globally9 and preoperative screening is likely to
lead to increasing numbers of SARS-CoV-2-positive patients, peri-
operative SARS-CoV-2 infection will remain a challenge for the
foreseeable future.
In order to inform consent and shared decision making, a ro-
bust, globally applicable score is needed to predict individualized
mortality risk for patients with perioperative SARS-CoV-2 infec-
tion. The authors aimed to develop and validate a machine learn-
ing-based risk score to predict postoperative mortality risk in
patients with perioperative SARS-CoV-2 infection.
Methods
Cohort study design
An international, multicentre, prospective, cohort study
(COVIDsurg Cohort Study) included consecutive patients who
were diagnosed with SARS-CoV-2 in the 7 days before or the
30 days after surgery. Patients undergoing any type of surgery
were included from 1 February 2020 to 31 July 2020. Full study
methodology has been published previously2.
Machine learning methods were used to analyse the COVIDsurg
Cohort Study dataset. Sixteen patient and operative variables were
entered into the analysis and, based on time, data were split into a
derivation set, where all analysis and modelling were performed,
and a validation set, where the final model was assessed. Five fea-
tures were selected following variable importance measurements
from both linear and non-linear modelling. These features were
then combined into 26 different predictor sets, which were fitted
through three different algorithms (logistic regression, decision
trees and random forest), generating a total of 78 different models.
These models were tuned with a 10-fold cross-validation, fitted in
the 75 per cent split of the derivation set and assessed in the
remaining 25 per cent. In order to ascertain the model’s stability,
this training and testing split was randomly repeated 100 times
(bootstraps). Finally, to decide which model to select, performance
was evaluated through the mean area under the receiver operating
characteristic curve (AUROC) value. A full description of methods
is available in Appendix S1.
Results
Patients
From 10 029 patients in the cohort study, data from 8492 patients
entered the machine learning processes (Fig. 1). The most com-
mon surgical procedures were abdominal (40.6 per cent, 3446 of
8492 patients), orthopaedic (33.8 per cent, 2867 of 8492) and head
and neck surgery (9.8 per cent, 835 of 8492). Emergency surgery
accounted for 80.8 per cent (6862 of 8492 patients) and benign
disease for 57.3 per cent (4868 of 8492) (Table S1).
Of the 8492 patients, data from 6777 patients who had surgery
from February to May 2020 (726 hospitals, 65 countries) were en-
tered into the derivation set and data from 1715 who had surgery
from June to July 2020 (296 hospitals, 53 countries) were entered
into the validation set. Despite changes in patient demographics
and treatment options, such as the recommendations from the
RECOVERY trial10 in June 2020, model performance remained ro-
bust between the derivation and validation sets. Mortality rates
were 17.2 per cent overall (1462 of 8492 patients), 18.9 per cent
(1279 of 6777) in the derivation set and 10.7 per cent (183 of 1715)
in the validation set. Missing data handling is described in
Appendix S2.
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A full breakdown of feature and model selection are in Tables S3–S7.
Random forest and elastic net were applied to the derivation set and
the most important features were ranked (Fig. S1). Logit model
performance of all different feature combination (runs) divided by
each of the features is shown in Fig. 2a. The five features taken for-
ward into model building were age, preoperative respiratory support,






Missing values sensitivity analysis
MICE imputation: n = 8492

















RF, DT, GLM methods
used to fit a model with
each combination










MICE n = 1715
Complete case analysis
n = 1668
•   Split by time: derivation (February, March, April, May) and validation (June, July)
•   Elastic net modeling
•   Bootstrapping for hyperparameter
    optimization
•   Ranking of most important variables per
    model obtained and top 5 between both
    selected
•   Random split repeated 100 times
    (bootstrapping)
•   Hyperparameters optimization
•   All feature combinations separately
    modelied
•   Random forest (RF), decision tree (DT)
    generalized linear model (GLM) modeiling
    methods assessed 
Performance assessed through the
mean and standard deviation of:
         •   Sensitivity
         •   Specificity
         •   AUROC
         •   Accuracy
•   Mean coefficients of all bootstraped splits define the final
    model
•    Discrimination and calibration assessed
•    Imputed and non imputed results compared
•    Case fatality percentages determined
Excluded patients:
   Children n = 454
   Local/other anaesthesia n = 389
   Minor procedures (e.g. vessel catheterization) n = 272
   Incomplete date of surgery n = 228
   Not CT or swab confirmed diagnosis n = 186
   Ambiguous gender n = 8
CovidSurg
n = 10 029
Fig. 1 Cohort study patient inclusion and model derivation and validation flow
MICE, multiple imputation by chained equations; EN, elastic net
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Model building and validation
Multivariable models were built using all possible combinations
of the five selected features, resulting in 26 model runs (Table S8).
The smallest, higher-performing and most robust model was a
logistic regression model with four features (age, ASA grade, RCRI
score and preoperative respiratory support). A full description is
in Appendix S2.
The AUROC for the final score was 0.73 (95 per cent c.i. 0.71
to 0.74) in the derivation set and 0.80 (95 per cent c.i. 0.77 to
0.83) in the validation set (Fig. 2b). Calibration in the validation
set is shown in Fig. S2 (Brier score 0.084, intercept 0.078, slope
1.08).
Mortality rates were studied for different probability risk cut-
offs (Fig. S3), with a balance between distribution and clinical
importance leading to cut-off values at approximately 2, 10, 30
and 45 per cent mortality. These showed high concordance be-
tween derivation and validation sets (Supplementary Table S7)
with the final mortality percentages in the combined dataset
being very similar.
Deployment
The COVIDSurg Mortality Score has been deployed online at
http://covidsurgrisk.app/.
Discussion
Understanding risks related to SARS-CoV-2 and COVID-19 will re-
main important for the foreseeable future. There is an urgent
need to restart elective surgery in order to reduce the backlog of
cancelled operations11. Vaccination programmes are expected to
take years to deliver, particularly in low- and middle-income
countries9, and may not protect against new variants12. COVID-
19-free surgical pathways are unlikely to be universally imple-
mented, particularly in emergency settings3, leaving patients at
Fig. 2 Model performance and evaluation.
a Logistic model performance of all different runs divided by each of the features. Colour coded according to performance values (mean area under the curve (AUC)
of 100 bootstraps). b Receiver operating characteristic curves for model evaluation. After generating the final model made up by the averaged coefficients of the
bootstraps of run 21, it was evaluated in both the derivation set as a whole (Area under receiver operating characteristic curve (AUROC) ¼ 0.7284, 95 per cent c.i.
0.7140–0.7428) and the validation set AUROC ¼ 0.8036, 95 per cent c.i. 0.7739–0.8333). Results are depicted with AUROC and confidence intervals generated through
the pROC and plotROC packages. 95 per cent confidence intervals were computed with default 2000 stratified bootstrap replicates.
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risk of in-hospital SARS-CoV-2 transmission. Research is critical
to mitigate impact. The COVIDsurg Morality Score is a tool that
can help overcome these challenges and has clear clinical appli-
cations. It can inform consent and shared decision making by
patients and surgeons. If individual patient mortality risk is too
high, they may choose to postpone surgery. If surgery is unavoid-
able, risks should be clearly documented as part of informed con-
sent, and postoperative critical care can be identified and
justified. It can also identify patients who are at very low risk,
where surgery can continue as planned.
The COVIDSurg Mortality Score shows high discrimination for
predicting mortality in patients with perioperative SARS-CoV-2.
The AUROCs in the derivation (0.73) and validation (0.80) sets are
consistent with published non-surgical COVID risk scores13. The
COVIDSurg Mortality Score is globally applicable and consists of
variables that are readily available across all resource settings.
The score was derived and validated in a global data set (all types
of surgery, 756 hospitals, 69 countries) and demonstrated validity
across geographic regions and over time as community SARS-
CoV-2 infection rates fluctuated.
The COVIDSurg cohort study was prospectively collected and
conducted, but it had limitations. Variables were coded following
standardized medical criteria but a further analysis of continuous
variables as well as the inclusion of interactions14 could be incorpo-
rated in future studies. As there are no other international, multispe-
cialty data sets for SARS-CoV-2 surgical patients, further external
validation was not possible, but should be considered if such data
sets emerge. High mortality percentages (approximately 47 per cent)
at higher probability outputs (greater than 0.5) should be interpreted
with caution, as numbers of patients with these feature combina-
tions were low. The authors acknowledge that the model will war-
rant updates as more data become available.
Despite differences in mortality between the derivation and vali-
dation sets, model performance remained robust. There are likely to
have been structural and system differences between hospitals that
were not captured in the cohort study. These differences are further
compounded by variation in community SARS-CoV-2 across time
and across geographical locations. Nonetheless, the score performed
well in the validation set, suggesting the score can be used reliably
both during COVID waves and troughs.
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Médico De Campinas, Campinas, Brazil); G. M. A. Gomes, I. L.
Buarque, L. Pol-Fachin, T. S. Bezerra, A. V. Barros*, A. M. R. da
Silva, A. L. S. Leite, D. W. A. Silvestre, C. C. Ferro (Hospital Santa
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Canada); J. Abou-Khalil (The Ottawa Hospital, Ottawa, Canada);
E. Couture*, S. Mohammadi, H. Tremblay, N. Gagné, A. Bergeron
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Opave, Czech Republic); H. Ø. Kristensen, M. Mekhael, P.
Christensen*, L. Westh (Aarhus University Hospital, Aarhus,
Denmark); H. Smith*, A. F. Haugstvedt, M. L. Jönsson (Bispebjerg
Hospital, Copenhagen, Denmark); A. Crespo, S. Batista*, J.
Rodriguez-Abreu*, N. Tactuk, P. J. Diaz-Delgado, R. Rivas
(Cedimat—Centro De Diagnóstico, Medicina Avanzada,
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K. Beyer (Charité University Medicine, Campus Benjamin
Franklin, Berlin, Germany); S. Nasser, J. Sehouli* (Charité
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Soulé Martı́nez*, A. I. Lupián-Angulo (Hospital Central Norte
Pemex, Mexico City, Mexico); J . J. Martı́nez Zarate*, E. Reyes
Rodriguez, G. Montalvo Dominguez (Hospital Médica Sur, Mexico
City, Mexico); F. C. Becerra Garcı́a* (Hospital San Ángel Inn
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Munarriz, M. Cazador Labat, A. López Campillo, P. Martorell, C. A.
Espinosa (Hospital Del Mar, Barcelona, Spain); P. Caja Vivancos*,
I. Villalabeitia Ateca*, M. Prieto Calvo, H. Marı́n, P. Martin Playa*,
A. Gainza, E. J. Aragon Achig, A. Rodriguez Fraga, I. Melchor
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Merino, P. Fernández Bernabé, E. P. Cagigal Ortega, I. Hernández,
E. Garcı́a de Castro Rubio, I. Cervera (Severo Ochoa University
Hospital, Spain); M. Espino Segura-Illa, G. Sánchez Aniceto*, A. M.
Casta~no-Leon*, L. Jimenez-Roldan, J. Delgado Fernandez, A. Pérez
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Eguı́a (Hospital Universitario Virgen Del Rocı́o, Seville, Spain); F.
Oliva Mompean, J. Gomez-Rosado*, J. Reguera-Rosal, J. Valdes-
Hernandez, L. Capitan-Morales, M. D. del Toro Lopez (Hospital
Universitario Virgen Macarena, Seville, Spain); M. Achalandabaso
Boira*, R. Memba Ikuga, M. Abellán, R. Sales, C. Olona, R. Jorba
(Hospital Universitari De Tarragona Joan XXIII, Tarragona,
Spain); J. Hernandez Gutierrez, A. Tébar Zamora* (Complejo
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Talathoti (UT Health San Antonio (UTHSA), University Hospital
(UHS), San Antonio, USA); D. Klaristenfeld* (Kaiser Permanente
San Diego Medical Center, USA); Biffl W*, Marsh C, Schaffer K
(Scripps Memorial Hospital, San Diego, USA); A. E. Berndtson*, S.
Averbach, T. Curry (University of California, San Diego, USA); R.
Kwan-Feinberg*, E. Consorti, R. Gonzalez, R. Grolman, T. Liu, O.
Merzlikin (Alta Bates Summit Medical Center (Sutter Health),
Oakland, USA); M. K. Abel, D. Ozgediz, M. Boeck, L. Z. Kornblith*,
B. Nunez-Garcia, B. Robinson, P. Park (University of California
San Francisco (UCSF), San Francisco, USA); A. F. Utria, S. E. Rice-
Townsend*, P. Javid, J. Hauptman, K. Kieran (Seattle Children’s
Hospital, Seattle, USA); D. Nehra*, A. Walters, J. Cuschieri, G. H.
Davidson (Harborview Medical Center, Seattle, USA); J. Nunez*, R.
Cosker (University of Utah Healthcare, Salt Lake City, USA); S.
Eckhouse* (Washington University School of Medicine, St Louis,
USA); A. Choudhry, W. Marx* (SUNY Upstate University Hospital,
Syracuse, USA); T. Jamil*, S. Seegert, S. Al-Embideen (ProMedica
Toledo Hospital, Toledo, USA); M. Quintana*, H. Jackson (The
George Washington University Hospital, Washington, D.C., USA); S.
D. Wexner, I. Kent (Cleveland Clinic Florida, Weston, USA); P. N.
Martins* (University of Massachusetts, UMass Memorial Hospital,
Worcester, USA); M. Alshehari*, H. Al-Naggar*, M. Alsayadi,
M. Alyazidi, S. Shream, W. Alhaddad, A. Maqus, M. Abu Hamra’a, R.
Step 4: Overall judgment
ROB Applicability Overall
Participants Predictors Outcome Analysis Participants Predictors Outcome ROB Applicability
þ þ þ þ NA NA NA þ NA
PROBAST: Prediction model Risk Of Bias ASsessment Tool
Step 1: Specify your systematic review question(s) – not applicable.
Step 2: Classify the type of prediction model evaluation – development and validation.
Step 3: Assess risk of bias and applicability
Risk of Bias
Participants Predictors Outcome Analysis
Were appropriate data sources
used, e.g., cohort, RCT, or
nested case–control study
data? Yes
Were predictors defined and
assessed in a similar way for
all participants? Yes
Was the outcome determined
appropriately? Yes
Were there a reasonable number
of participants with the out-
come? Yes
Were all inclusions and exclu-
sions of participants appropri-
ate? Yes
Were predictor assessments
made without knowledge of
outcome data? Yes
Was a prespecified or standard
outcome definition used? Yes
Were continuous and categorical
predictors handled appropri-
ately? Yes
Are all predictors available at the
time the model is intended to
be used? Yes
Were predictors excluded from
the outcome definition? Yes
Were all enrolled participants in-
cluded in the analysis? No
Was the outcome defined and
determined in a similar way
for all participants? Yes
Were participants with missing
data handled appropriately?
Yes
Was the outcome determined
without knowledge of predic-
tor information? Yes
Was selection of predictors based
on univariable analysis
avoided? No
Was the time interval between
predictor assessment and out-
come determination appropri-
ate? Yes
Were complexities in the data
(e.g., censoring, competing
risks, sampling of control par-
ticipants) accounted for appro-
priately? Yes
Were relevant model perfor-
mance measures evaluated
appropriately? Yes
Were model overfitting, underfit-
ting, and optimism in model
performance accounted for?
Yes
Do predictors and their assigned
weights in the final model cor-
respond to the results from the
reported multivariable analy-
sis? Yes
ROB ¼ risk of bias. þ indicates low ROB/low concern regarding applicability;  indicates high ROB/high concern regarding applicability; and ? indicates unclear ROB/
unclear concern regarding applicability.
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